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Arrays of gold split rings with a 50-nm minimum feature size and with an LC resonance at 200
THz frequency (1.5 µm wavelength) are fabricated. For normal-incidence conditions, they exhibit
a pronounced fundamental magnetic mode, arising from a coupling via the electric component of
the incident light. For oblique incidence, a coupling via the magnetic component is demonstrated
as well. Moreover, we identify a novel higher-order magnetic resonance at around 370THz (800
nm wavelength) that evolves out of the Mie resonance for oblique incidence. Comparison with
theory delivers good agreement and also shows that the structures allow for a negative magnetic
permeability.
c©2005 The American Physical Society
In usual crystals, the atoms are arranged in a periodic
fashion with lattice constants less than 1 nm. This is or-
ders of magnitude smaller than the wavelength of visible
light. Thus, the light experiences an effective homoge-
neous material; it does not “see” the underlying period-
icity (apart from crystal symmetries). Microscopically,
the light excites electric dipoles that reradiate with a
certain retardation, slowing down the phase velocity of
light in the material by a factor called the index of re-
fraction. Metamaterials are artificial periodic structures
with “lattice constants” that are still smaller than the
wavelength of light. Again, the light field “sees” an effec-
tive homogeneous material. The “atoms,” however, are
not real atoms but are rather artificial nanostructures
composed of many atoms. This allows for tailoring their
properties in a way not possible with normal atoms. In-
deed, Pendry [1] showed that a combination of “magnetic
atoms” and “electric atoms” (i.e., split-rings and metallic
wires) with negative permeability µ and permittivity ǫ,
respectively, can lead to materials with a negative index
of refraction n [2]. These materials open a whole new
chapter of photonics connected with novel concepts and
potential applications [3, 4].
The main technological challenge is to obtain a neg-
ative permeability µ < 0 at telecom or visible frequen-
cies, which does not occur in natural materials. Starting
with first demonstrations in the microwave regime [5], the
achieved magnetic resonance frequencies have increased
by more than 4 orders of magnitude over the last four
years [5, 6, 7, 8, 9, 10], reaching a record of 100THz (3
µm wavelength) in November 2004 [7].
So far, the “magnetic atom” of choice has been the split
ring resonator (SRR), in essence just a small LC circuit
consisting of an inductance L and a capacitance C. The
resonance frequency of this LC circuit scales inversely
with its size, provided the frequencies are significantly
below the metal plasma frequency. Near the resonance,
the current in the inductance can lead to a magnetic field
opposing the external magnetic field of the light, hence
enabling µ < 0.
The design used here closely follows our recent ap-
proach based on arrays of single SRR [7, 11]. The struc-
tures are fabricated using standard electron-beam lithog-
raphy on a 1 mm thick glass substrate coated with a
5 nm thin film of indium-tin-oxide (ITO), in order to
avoid charging effects of the poly(methyl methacrylate)
resist layer (PMMA 950k) during the exposure. The gold
film thickness is 30 nm. To increase the resonance fre-
quency at a given minimum feature size and to simplify
the nanofabrication, we almost eliminate the tiny upper
arms of the SRR, leading to more “U”-shaped structures
(see Fig. 1 (a)). Intuitively, these Us correspond to 3
4
of
one winding of a magnetic coil with inductance L. The
ends of the U-shaped wire form the capacitance C. We
employ (100µm)2 periodic quadratic arrays of such SRR
with the dimensions apparent from the electron micro-
graphs in Fig. 1.
Figure 1 connects to our previous work [7] and shows
spectra taken under normal incidence with a commercial
Fourier-transform microscope spectrometer [12]. If the
incident light is polarized horizontally, the electric field
can couple to the capacitance of the SRR and induce
a circulating current in the coil leading to a magnetic-
dipole moment normal to the SRR plane. Note that this
resonance at 1.5 µm wavelength is yet more pronounced
than in our previous work [7] at 3 µm, due mainly to
the increased ratio between thickness and lateral size of
the SRR. The magnetic resonance disappears for vertical
incident polarization (Fig. 1(c)), leaving behind only the
Mie resonance of the SRR around 950 nm wavelength. As
2FIG. 1: Electron micrograph of a split-ring array with a to-
tal size of (100µm)2. The lower right-hand side inset shows
the dimensions of an individual split ring. The corresponding
measured normal-incidence transmission and reflection spec-
tra for horizontal and vertical polarization are shown in (b)
and (c), respectively. For (b), one can couple to the funda-
mental magnetic mode at 1.5 µm wavelength via the electric-
field component of the incident light; for (c), one cannot.
this resonance will become important below as well, we
briefly recapitulate its physics. Here the electric field of
the light leads to a charge accumulation at the surfaces
of the vertical SRR arms, resulting in a depolarization
field. Depending on the permittivity of the metal, hence
depending on the frequency of light, this depolarization
field can enhance or suppress the external electric field.
(We also observe a weaker short-wavelength Mie reso-
nance around 600-nm in Fig. 1, which is due to the de-
polarization field of the short axis, i.e., the width of the
SRR arms.) Notably, the fundamental Mie resonance of
our SRR changes in spectral position and width between
the two different polarization configurations. This can
be understood as follows: For horizontal incident polar-
ization and for the frequencies of interest here, only the
fundamental Mie resonance of the SRR bottom arm is ex-
cited. For vertical polarization, the two similarly shaped
vertical SRR arms contribute. The latter are coupled
via the SRR’s bottom arm (and via the radiation field).
As usual, the coupling of two degenerate modes leads
to an avoided crossing with two new effective oscillation
modes, a symmetric and an antisymmetric one, which
are frequency down-shifted and up-shifted as compared
to the uncoupled resonances, respectively. The antisym-
metric mode cannot be excited at all for normal incidence
as it has zero effective electric-dipole moment. The red-
shifted symmetric mode can be excited. It even has a
larger effective electric-dipole moment than a single arm.
The optical response of SRR is not only polarization-
dependent but also highly anisotropic. Thus, we have
performed transmission experiments under oblique inci-
dence (Fig. 2) using a dedicated home-built setup [12].
Compared with the Fourier-transform microscope spec-
trometer used above, this setup has improved polar-
ization optics by using Glan-Thomson polarizers and a
smaller effective opening angle (±7 degrees). It still al-
lows one to investigate a sample of size (100µm)2 with a
large angle of incidence with respect to the surface nor-
mal over a broad spectral range. In Fig. 2(a), the electric
component of the incident light can not couple to the LC
circuit resonance for any angle. With increasing angle,
however, the magnetic field acquires a component normal
to the SRR plane. This component can induce a circu-
lating electric current in the SRR coil via the induction
law (see right-hand side inset in Fig. 3(a)). This current
again leads to a magnetic-dipole moment normal to the
SRR plane, which can counteract the external magnetic
field. The magnitude of this resonance (highlighted by
the blue area around 1.5 µm wavelength) is indeed con-
sistent with theory (see below) and leads to an effective
negative magnetic permeability for propagation in the
SRR plane and for a stack of SRR layers rather than just
one layer considered here. This aspect has been veri-
fied explicitly by retrieving the effective permittivity and
permeability from the calculated transmission and reflec-
tion spectra [13, 14]. The shape of the retrieved magnetic
permeability closely resembles that published in our pre-
vious work [7] at 3 µm wavelength. It exhibits a nega-
tive permeability with a minimum value of µ = −0.25 at
1.67 µm wavelength [12]. This value could be further im-
proved by increasing the number of SRR per area (com-
pare Fig. 1(a)), hence increasing the “oscillator strength”
of the magnetic resonance.
Another striking feature of the spectra in Fig. 2(a) is
that the 950 nm wavelength Mie resonance at normal in-
cidence splits into two resonances for oblique incidence.
This aspect can be understood continuing along the lines
of our above intuitive discussion: For finite angles of in-
cidence, the phase fronts of the electric field are tilted
with respect to the SRR plane. Thus, the vertical SRR
3FIG. 2: Measured transmission spectra taken for oblique inci-
dence for the configurations shown as insets (where α = 60◦).
In (a), coupling to the fundamental magnetic mode at 1.5 µm
wavelength is only possible via the magnetic-field component
of the incident light; for (b), both electric and magnetic field
can couple. Note the small but significant feature in (a) for
60◦ around 1.5-µm wavelength. The lower gray area in (a)
is the transmission into the linear polarization orthogonal to
the incident one for α = 60◦. We argue that this observable
can be viewed as a fingerprint of magnetic resonances under
these conditions.
arms are excited with a small but finite time delay, equiv-
alent to a finite phase shift. This shift allows coupling
to the antisymmetric mode of the coupled system of the
two vertical arms as well. In one half cycle of light, one
gets a positive charge at the lower left-hand side corner of
the SRR and a negative charge at the lower right-hand
side corner, resulting in a compensating current in the
horizontal bottom arm. Characteristic snapshots of the
current distributions in the SRR are schematically shown
as insets in Fig. 3(a). Altogether, we get a part of a cir-
culating current, leading to a magnetic-dipole moment.
This type of magnetic resonance has not been observed
before. Its spectral position of 800 nm at 60◦ angle in
Fig. 2(a) is just within the visible regime – for the first
time, one can literally see a magnetic resonance.
According to our reasoning for oblique incidence (e.g.,
60◦), we expect a circulating current component for wave-
lengths near the two magnetic resonances at 1.5µm and
800nm, respectively. Any circulating current is evidently
connected with a current in the horizontal bottom arm of
the SRR. According to the usual laws of a Hertz dipole,
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FIG. 3: Calculated transmission spectra for different angles
on the same scale as the experiment (Fig. 2). The polariza-
tion geometries in (a) and (b) are identical to those in Figs.
2(a) and 2(b), respectively. The insets schematically show the
current distributions at the frequencies and angles marked by
the dots.
the corresponding charge oscillation in the bottom arm
can radiate into the forward direction with an electric
field component orthogonal to the incident polarization.
In other words, for oblique incidence, the fingerprint of
the magnetic resonances is a rotation of polarization.
Such rotation is indeed unambiguously observed in our
experiments (see gray area in Fig. 2(a)), strongly sup-
porting our above interpretation.
Figure 2(b) shows spectra for a second polarization
configuration in which both the electric and the mag-
netic component of the light field can couple to the SRR
for oblique incidence. The same configuration was used
in Ref. [6]. Our results immediately show that coupling
to the fundamental magnetic resonance at 1.5 µm wave-
length is not mediated by the magnetic field alone here.
The two further independent polarization and angle con-
figurations are consistent with our above interpretation
but do not reveal any additional resonances [12].
In order to further strengthen our above interpreta-
tion of the different resonances, we compare the measured
spectra with theory. It turns out that numerical calcu-
lation of spectra for oblique incidence is much more of
a challenge than for normal incidence or for propagation
in the plane of the SRR array. Thus, we have not only
followed our previous finite-difference time-domain ap-
4proach [7] but also an advanced frequency-domain based
finite-element approach. We discretize the geometry of a
unit cell (315 nm × 330 nm × 60 nm) including the SRR
and the surrounding layered media with an unstructured
mesh of tetrahedra. The coarse mesh is automatically
refined to a fine mesh consisting about 6000 tetrahe-
dra. Bloch-periodic boundary conditions are applied
in the x and y directions [15] with lattice constants of
ax = 315 nm and ay = 330 nm, respectively. In the ±z
direction we apply transparent boundary conditions [16].
To avoid dealing with the complex SRR shape appar-
ent from Fig. 1, the three SRR arms are approximated
as rectangles with a width of 65 nm for the two vertical
arms and 90 nm for the bottom arm. These values have
been fine-tuned to fit the calculated to the measured res-
onance positions. The SRR side length of 200nm and the
gold thickness of 30 nm are identical to the values already
quoted above. For the permittivity of gold we assume a
wavelength dependence according to the Drude model,
with a plasma frequency of ωpl = 1.367× 10
16 s−1 and a
collision frequency of ωc = 6.478× 10
13 s−1. The permit-
tivity of the ITO layer (glass substrate) is taken as 3.8
(2.25). We discretize Maxwell’s equations using vectorial
finite elements (Whitney elements) of second polynomial
order. The resulting sparse matrix equation (with about
130 000 unknowns corresponding to the solution on the
fine mesh) is solved on a standard personal computer by
either standard linear algebra decomposition techniques
or multigrid algorithms, depending on the problem size.
Figure 3 exhibits calculated spectra for different angles
of incidence. The graphical representation is identical to
that of the experiment (see Fig. 2). Obviously, the qual-
itative agreement between experiment and theory is ex-
cellent. Especially the spectral positions as well as the
magnitudes of the different resonances and the rotation
of the polarization (gray area at the bottom of Fig. 3(a))
are well reproduced. For normal incidence, the spectra
calculated with the finite-element frequency-domain ap-
proach agree well with those obtained from the finite-
difference time-domain simulations, which are used for
the retrieval procedure (see above). The schematic in-
sets shown in Fig. 3 have been derived from the movies
[12] of the calculated field distributions and correspond
to the qualitative discussion given above.
In conclusion, normal optical materials exhibit only
an electric-dipole response. Here we have demonstrated
pronounced magnetic-dipole modes at 1.5 µm and at 800
nm wavelength, respectively. The one at 1.5 µm is the
“usual” LC resonance of the split ring resonators and
would lead to a negative magnetic permeability indeed.
The one at 800 nm wavelength is a higher-order magnetic
resonance, which is identified here for the first time. On
the one hand, the nanofabrication of magnetic metama-
terials at these frequencies requires much more of a tech-
nological effort than at microwave frequencies. On the
other hand, linear optical spectroscopy can be performed
much more conveniently and in a more controlled fash-
ion. Moreover, the availability of lasers in this spectral
regime enables future nonlinear optical experiments.
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Note added in proof. – Similar U-shaped SRR have
recently also been discussed theoretically in [17].
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